We present new observations of all three ground-state transitions of the methylidyne (CH) radical and all four ground-state transitions of the hydroxyl (OH) radical toward a sharp boundary region of the Taurus molecular cloud. These data were analyzed in conjunction with existing CO and dust images. The derived CH abundance is consistent with previous observations of translucent clouds (0.8 ≤ A v ≤ 2.1 mag). The X(CH)-factor is nearly a constant at (1.0 ± 0.06) × 10 22 cm −2 K −1 km −1 s in this extinction range, with less dispersion than that of the more widely used molecular tracers CO and OH. CH turns out be a better tracer of total column density in such an intermediate extinction range than CO or OH. Compared with previous observations, CH is overabundant below 1 mag extinction. Such an overabundance of CH is consistent with the presence of a C-shock. CH has two kinematic components, one of which shifts from 5.3 to 6 km s −1 , while the other stays at 6.8 km s
1. INTRODUCTION The 3.3 GHz Λ-doubling lines of the methylidyne radical CH have been commonly used to trace low density gas in diffuse clouds and at the boundaries of dense clouds (e.g. Magnani et al. 1989; Magnani & Onello 1993) . They have also been observed extensively toward translucent clouds, bright limbed clouds, outflows, and dark clouds (e.g. Lang & Wilson 1978; Sandell et al. 1980 Sandell et al. , 1981 Mattila 1986; Jacq et al. 1987; Sandell et al. 1988; Magnani et al. 1992) . Many of such surveys have shown a linear correlation between the CH column density and the visual extinction in diffuse and translucent clouds (e.g. Hjalmarson et al. 1977; Mattila 1986; Magnani & Onello 1993; Magnani et al. 2005) . CH is therefore recognized as a powerful tracer of molecular hydrogen, tightly correlated with molecular hydrogen in terms of column density [CH]/[H 2 ] = 3.5 × 10 −8 (Sheffer et al. 2008) . However, in a high spatial resolution observation of two high-latitude translucent clouds MBM 3 and 40 with the Arecibo Telescope, Chastain et al. (2010) found a slight spatial offset between the distribution of CH and that of CO, possibly due to the chemical evolution of carbon. At higher visual extinctions, CH is consumed by the carbon chemistry in relatively dense molecular environments (Mattila 1986; Viala 1986 ). Thus, CH observations cannot supplant CO for studying high-visual-extinction clouds such as dark clouds or giant molecular clouds.
Owing to different formation routes, CH can exist in both high and low density gas. In high density gas, CH can be formed through the following chains of reactions *Email: dxu@astro.umass.edu, dili@nao.cas.cn (Black & Dalgarno 1973) 
When the amount of ionized carbon ([C ii]) is substantial, CH formation is believed to be triggered by the radiative synthesis of [C ii] with vibrationally excited molecular hydrogen H 2 (as described in Equation (1)) in the outer layers of photodissociation regions (PDRs), where the chemical evolution is dominated by UV radiation. Observationally, the evidence for the above equations has been inconclusive (see e.g. the CH + 3 observation toward Cyg OB2 by Indriolo et al. 2010) . In lower density material (n H ∼ 50 cm −3 ), CH can also be produced through CH + synthesis, C + + H → CH + + hν
propelled by MHD shocks Pineau des Forets et al. 1986) . CH is thus considered to be a tracer of MHD shocks, especially the C-type shocks (Flower & Pineau des Forets 1998) . made theoretical calculations on the abundance of CH when a C-type shock propagates into a diffuse cloud with n H = 50 cm −3 , which may help us identify the presence of C-shocks. However, Gredel et al. (1993) and Crawford (1995) observed optical CH and CH + lines in several stars but found their line profiles to be inconsistent with shock theories. They believed that turbulent chemistry gives rise to the overabundance of CH and arXiv:1612.03145v1 [astro-ph.GA] 9 Dec 2016 CH + in these clouds. Morris et al. (2016) found UV irradiation rather than shock chemistry playing a key role in CH + formation in Orion BN/KL. The boundary of molecular clouds is the region in which C-shock may take place (Xu et al. 2016) . A clear example of cloud boundaries can be found in Taurus (Goldsmith et al. 2008) , northeast of the TMC1 region with a visual extinction ranging from 0.4 to 2.7 mag, and is thus an ideal target to study CH as a molecular tracer in the transition zone between diffuse and dense gas. Xu et al. (2016) have found evidence of the existence of C-shock across the Taurus boundary, such as the overabundance of OH at visual extinctions at or below 1 mag, the conjugate emission of OH 1612 and 1720 MHz components, and the colliding streams or gas flow at the boundary region. All the evidence of C-shock across the Taurus boundary in Xu et al. (2016) is derived from OH spectra. Further spectral analysis of CH can provide insights into the presence of C-shock across the Taurus boundary.
We have carried out observations of the Taurus boundary in three CH transitions (3335, 3264, and 3349 MHz, as shown in Figure 1 ) using the 305 m Arecibo Telescope. We made a total of five cuts 1.5 arcminutes apart across the boundary region each with 17 pointings (Figure 2) . We describe the observations of CH and OH across the boundary region and the 12 CO J = 1 − 0, and 13 CO J = 1 − 0 map of the Taurus molecular cloud in Section 2. We analyze the CH spectrum and derive CH column density across the boundary in Section 3. We discuss the advantage of CH as a molecular tracer in Section 4. We compare the CH abundance with the C-shock model in Section 5. In Section 6 we summarize our results and conclusions from this study. 2. OBSERVATIONS AND DATA We carried out observations of the Λ-doubling lines of CH in the 2 Π 1/2 , J = 1/2 and the Λ-doubling lines of OH in the 2 Π 3/2 , J = 3/2 with the Arecibo Telescope (Project a2813). We extracted 12 CO J = 1−0 and 13 CO J = 1 − 0 data from the Five College Radio Astronomy Observatory (FCRAO) Taurus survey ).
CH Observations
The CH observations were taken using the S-high receiver (3.0-4.0 GHz) on 2015 October 25-26 and November 24-26. We observed three Λ-doubling lines of CH in the 2 Π 1/2 , J = 1/2 (as shown in Figure 1 ) at the rest frequencies of 3335.481 (main line F = 1 − 1), 3263.794 (lower satellite line F = 0−1), and 3349.193 MHz (upper satellite line F = 1 − 0) with the total power ON mode. Spectra were obtained with the Arecibo WAPP correlator with three-level sampling and 8192 spectral channels for each line in each polarization. The spectral bandwidth was 3.13 MHz for a channel spacing of about 381 Hz, or 0.034 km s −1 . The average system temperature was about 30 K. The main beam of the antenna pattern had a full width at half maximum (FWHM) beam-width of 1.5 . Spectra were taken at 17×5 positions across the Taurus boundary region (TBR), as seen in Figure 2 . An integration time of 450 s per position was used resulting in RMS noise level of about 0.038 K. To get a higher signal-to-noise ratio, we smoothed the CH spectra to a velocity resolution of 0.14 km s −1 , which yields a RMS noise level of about 0.019 K.
OH Observations
The OH observations were taken using the L-band wide receiver (1.55-1.82 GHz) on 2013 October 28-31. We observed four Λ-doubling lines of OH in the 2 Π 3/2 , J = 3/2 at the rest frequencies of 1612.231, 1665.402, 1667.359, and 1720.530 MHz with the total power ON mode. Spectra were obtained with the Arecibo WAPP correlator with nine-level sampling and 4096 spectral channels for each line in each polarization. The spectral bandwidth was 3.13 MHz for a channel spacing of about 763 Hz, or 0.142 km s −1 . The average system temperature was about 31 K. The main beam of the antenna pattern had a FWHM beam-width of 3 . Spectra were taken at the same positions as those of CH across the TBR, as seen in Figure 2 . An integration time of 300 s per position was used resulting in a RMS noise level of about 0.027 K.
2.3.
12 CO and 13 CO Data (1), is located between position 6 and position 7 . The peak column density of H 2 is located between position 12 and position 13. The peak column density of 13 CO is located at position 13. The arrow in the figure indicates the direction we present spectral line maps.
Spectral Analysis
The locations of the positions for the telescope pointing used to study the TBR are shown in Figure 2 . To examine the transition zone with a higher signal-to-noise ratio, we averaged all five cuts of spectra of CH 3335, 3264, 3349 MHz, OH 1612 , 1665 , 1667 , 1720 12 CO J = 1-0, and 13 CO J = 1-0, as shown in Figure 3 . The 12 CO J = 1-0 and 13 CO J = 1-0 spectra were convolved to the OH beam size of 3 at each position. The emission lines of CH, OH, 12 CO J = 1-0, and 13 CO J = 1-0 are well matched in velocity. In particular, the emission lines of CH 3335 MHz and OH 1665 MHz at positions 10-12 all have two components and are well matched in velocity as shown in Figure 4 .
We fit a two-component Gaussian to the profiles of the CH 3335, 3264, 3349, OH 1612, 1665, 1667, 1720 MHz spectra and a single Gaussian to 12 CO and 13 CO spectra. The best fitting parameters of CH 3335 MHz, OH 1665 MHz and CO are listed in Table 1 -3, respectively. We show the spectra and the fitted profiles in Figure 3 . Xu et al. (2016) have discussed the two components of OH 1665 MHz across the TBR, which indicate the colliding streams or gas flows at the TBR. The CH 3335 MHz spectra also have two components and are well matched with OH 1665 MHz and CO in velocity across the TBR, as shown in Figure 5 , which further confirm the assumption of colliding streams or gas flows across the TBR.
The shift in the single-component CO velocity is well correlated with the behavior of the CH velocity components. When the red (6.5 km s −1 ) CH component is stronger in TBR-O, 13 CO peaks at 6.3 km s −1 . In contrast, when the blue (5.4 km s −1 ) CH component is stronger in TBR-O, 13 CO peaks at 5.7 km s −1 . In Figure 4 and 5, the red components of CH and OH gradually become fainter, and disappear at position 13. At the same time, the central velocities of blue components gradually shift from 5.4 km s −1 at position 9 to 5.8 km s −1 at position 13, which indicates that the collision of two streams results in the final central velocity being located between the velocities of the two components. The central velocity of the final combined stream is located closer to the blue components, which have stronger emission lines in TBR-I. This is consistent with the assumption of different amounts of 13 CO emission at different velocities.
The change of the line width of CH 3335 MHz, OH 1665 MHz, 12 CO J=1-0 and 13 CO J=1-0 along the cut direction is shown in Figure 6 . The line width of the CH 3335 MHz red component in TBR-O is almost a constant ∼1.8 km s −1 . After merging with the blue component, the line width slightly decreases to ∼1.4 km s −1 . The line width of OH 1665 MHz remains almost constant across the TBR. The line width of 12 CO, which continues to increase in TBR-O, behaves differently from that of CH 3335 MHz, which is almost constant in TBR-O. pointed out that, owing to the different response of neutral and ionized species to the presence of a magnetic field, the CH + and CH formed in the hot post-shock gas can differ significantly in velocities. If shock waves propagate across the TBR, different neutral molecules obtain different velocities owing to their different cross section (e.g. Lambert & Danks 1986; Gredel et al. 1993 ). We find a slightly different central velocities of CH, OH and 12 CO across the TBR in Figure 5 , which may be the result of the propagation of C-shock. More discussion of the probable C-shock across the TBR can be found in Section 5.
CH Column Density
The TBR has a relatively low UV field between χ = 0.3 and 0.8 in units of the Draine's field (Flagey et al. 2009; Pineda et al. 2010 ). The gas kinetic temperature does not exceed 40 K even in the outermost layer of the TBR, and can be as low as 10 K in the inner part of the TBR. This means that almost all the CH molecules are populated in the 2 Π 1/2 , J = 1/2 Λ-doubling levels (as shown in Figure 1) , and the populations of the higher J levels are negligible. Although the gas kinetic temperature is approximately 40 K in the outermost layer of the TBR due to the heating by interstellar UV radiation, the density there is too low (∼ 60 cm −3 ) to excite CH even to the first rotationally excited state (J = 3/2). The critical density required to excite the lowest rotational transition (J = 3/2−1/2, 530 GHz) is as high as 10 6 cm −3 (Sakai et al. 2012) . Hence, practically all CH molecules are in the J = 1/2 levels. For this reason, we only considered the J = 1/2 levels for calculations of the partition function in the calculation of CH column density.
In most of the observation, the populations of the 2 Π 1/2 , J = 1/2 Λ-doubling levels can be inverted over a wide range of physical conditions causing weak masers producing negative excitation temperatures. In the case of the main line, the excitation temperature T ex,11 for CH is in the range ∼ -60 to -10 K (Hjalmarson et al. 1977; Genzel et al. 1979; Bujarrabal et al. 1984; Sandell et al. 1988; Liszt & Lucas 2002) .
We calculated the column density of CH assuming it to be optically thin, which is reasonable owing to the very small Einstein A-coefficients of the transitions A = 1.94 × 10 −10 s −1 :
where T MB (3335) is the main-beam brightness temperature of the main Λ-doubling line (F = 1 − 1) in 2 Π 1/2 , T bg is the cosmic background temperature, and T ex,11 is the excitation temperature of the F = 1 − 1 transition.
We have to choose a value for T ex,11 to calculate the CH column density. As mentioned above, in most of the observation, CH emission can be weak masers yielding to negative excitation temperatures T ex,11 in the range ∼ −60 to −10 K. We adopted T ex,11 = −15 K which is in the range of previously observed temperatures and also has also been widely used in diffused gas (Lang & Wilson 1978; Liszt & Lucas 2002) . When T ex,11 = −15 K, the correction factor for excitation temperature,
is about 0.85. We parametrize the trend of CH column density across the TBR in a Gaussian profile, as shown in Figure 7 . The trend of CH column density can be well described as
(5) When extinction exceeds 2 mag in TBR, CH column density starts to drop, indicating the consumption of CH via the carbon chemistry in relatively dense molecular environments, with more carbon locked into CO (Viala 1986) .
When using the value of T ex,11 = −60 K from Genzel et al. (1979) , which is widely used for dark clouds, f ex,bg increases by about 11%. The uncertainty in CH column density associated with the assumptions of T ex,11 is thus small.
The assumption that the Λ-doubling lines of CH are optically thin can be problematic, which can be seen from the relative intensities of the three components (Figure 3 ). Both satellite lines should be two times weaker than the main component, but the observed intensities of satellite lines are often larger. Furthermore, the intensity of the two observed satellite lines are not equal. Thus, we cannot precisely calculate the optical depth of CH. The correction factor for optical depth is defined as
where τ is the optical depth of the main Λ-doubling line. The line ratio between the satellite line and the main line ranges from 0.5 to 0.9, resulting in 1 ≤ f τ ≤ 2.6. Considering all the factors above (including T ex,11 and τ ), the CH column density can be underestimated by as much as a factor of 3. 4. CH AS A MOLECULAR GAS TRACER Based on dust extinction and total gas column density provided by previous studies (Pineda et al. 2010; Orr et al. 2014; Xu et al. 2016) , we examine the evolution of CH across TBR in terms of X-factor. We show the correlation of the integrated intensity W (in K km s −1 ) of CH 3335 MHz, OH 1665 MHz and 12 CO 1-0 versus the visual extinction in Figure 8 . Over a wide visual extinction range (0.4-2.7 mag), W(CO) and W(OH) correlate better with A v than W(CH) does. But in a more limited extinction range between 0.8 and 2.1 mag, more appropriate for a translucent cloud and/or the transition zone of a dark cloud, there is a better correlation between W(CH) and A v than those between W(OH), W(CO) and A v . To better examine these relationships, we adopt the usual definition of "X-factor",
CH OH CO
where N H2 is the column density of H 2 and W is the integrated intensity of the molecular tracers CH, OH, CO. We plot the correlation of "X-factor" of CH, OH and CO versus the visual extinction in Figure 8 . When the visual extinction A v is in the range between 0.8 and 2.1 mag, the X CH -factor is almost a constant of (1.0±0.06)× 10 22 cm −2 K −1 km −1 s. The dispersion of CH X-factor is visibly less than those of OH and CO at 0.8 ≤ A v ≤ 2.1 mag. CH appears to be a better tracer of molecular gas than CO and OH in the transition zone (0.8 ≤ A v ≤ 2.1 mag). Where extinction drops below 1 mag in TBR, the Consistent with the C-shock model Figure 7 . Change of column density of CH across the TBR as a function of visual extinction Av and total gas column density. The dashed line indicates the observational relation between the CH column density and visual extinction for diffuse, dark and molecular cloud (Mattila 1986 ). The red shade indicates the overabundance of CH below 1 mag extinction. This overabundance is consistent with the C-shock model prediction.
integrated intensities W of the three molecules lie above the overall fitting lines, indicating a stronger intensity of these spectra, which is likely the result of C-shock in the TBR-O (Section 5).
CH ABUNDANCE AND C-SHOCK MODEL
We have calculated the column density of CH in Section 3.2. The column density of CH across the TBR is shown in Figure 7 . Mattila (1986) found a good correlation between the CH column density and visual extinction for diffuse, dark molecular cloud N (CH) = 3.4 × 10 13 (A v − 0 m .3) cm −2 as the dashed line shows in Figure 7 . This correlation is reasonable considering the CH formation threshold, which requires substantial H 2 (Black & Dalgarno 1973) . The derived column density of CH below 1 mag extinction (blue shade in Figure 7 ) in TBR obviously lies above the typical value observed by Mattila (1986) . Furthermore, considering the correction factor for excitation temperature and optical depth (as discussed in Section 3.2), the actual column density of CH in TBR-O is likely to be even larger by an additional factor of 3. The true CH column density in TBR-O can thus be one order of magnitude higher than the simple extension from the X-factor for higher extinctions.
We compared the CH column density with the prediction of C-shock models. Flower & Pineau des Forets (1998) made a prediction that CH column density would increase from 10 13 to 10 14 cm −2 when extinction increases from 0.1 to 1 mag at a C-shock front, which matches exactly the measured values here. Xu et al. (2016) also found an overabundance of OH below 1 mag extinction (by a factor of 80). The overabundance of CH and OH suggests that there may be an additional channel of CH and OH production, possibly due to the shock (e.g. produced by the colliding streams (Xu et al. 2016, Figure 4) . When shock waves propagate through the molecular ISM, the gas is compressed, heated, and accelerated. CH can be produced during CH + synthesis (Equation (2)) in lower density material (∼ 50 cm −3 ) from MHD shocks Pineau des Forets et al. 1986 ). In a related work, Goldsmith et al. (2010) found anomalous rotationally excited H 2 , indicating high gas temperature exceeding 200 K in TBR-O. Such high temperatures cannot be reproduced in PDR models ) while being consistent with the existence of shocks. Orr et al. (2014) also ruled out PDR models due to non-detection of [C ii] in TRR-O. If temperature is above 300 K, the neutral-neutral reactions become important, which can also result in the overabundance of OH (Neufeld et al. 2002; Xu et al. 2016) .
We compared the CH column density with UV-driven PDR models (e.g. Levrier et al. 2012; Röllig & Ossenkopf 2013; Morris et al. 2016) . Morris et al. (2016) found that a steady-state UV-driven PDR chemistry with radiation field χ = (1 − 5) × 10 3 (in Draine units), rather than a shock chemistry, plays a key role in CH + formation in Orion BN/KL. However, the TBR has a relatively low UV field between χ = 0.3 and 0.8 (Flagey et al. 2009; Pineda et al. 2010) . When the radiation field strength declines, the number density of CH + decreases around A v = 1 mag (Duley et al. 1992) . Levrier et al. (2012) and Röllig & Ossenkopf (2013) made a PDR model with a relatively low radiation field with χ = 1 − 10. Neither model can form as much CH as in our observations. In particular, Levrier et al. (2012) made predictions of CH column density in a UV-driven chemistry simulation with radiation field of χ = 1. The observed CH column density is still 2-3 times lager than their predictions. As discussed in Section 3.2, the actual column density of CH in TBR-O is likely to still be larger by another factor of 3. The observed CH column density can thus be as much as 6-9 times larger than that of UV-driven simulation. UV photons should play only a limited role in producing CH in a relatively low radiation field such as in the TBR.
Besides the C-shock model and UV-driven PDR model, Gredel et al. (1993) and Crawford (1995) observed optical CH and CH + lines in several stars but found their line profiles are inconsistent with shock theories, and predict a significant velocity difference between neutral and ionized species, as discussed in Section 3.1. They believed that turbulent chemistry may play a key role in the overabundant of CH and CH + in these clouds. Since we do not have ionized species data (e.g. CH + ), we cannot examine the proposed velocity difference between neutral and ionized species. In terms of neutral species, CH, OH, and 12 CO have mildly different central velocities ( Figure 5) , consistent with the propagation of C-shock. Most turbulent dissipation region models (e.g. Godard et al. 2014 ) predict two orders of magnitude more CH + than the PDR model, which could explain the overabundance of CH in TBR-O. If the region is turbulence dominated, the line width of different molecules is likely to have a linear relation. But in Figure 6 , the line width of CH, OH, 12 CO and 13 CO dose not show clear correlation in TBR-O, which does not support turbulence dissipation.
SUMMARY AND CONCLUSIONS
We have mapped a sharp boundary region of the Taurus molecular cloud in all three ground-state transitions of the methylidyne (CH) radical with the Arecibo telescope. A combined analysis of CH data with OH, 12 CO J = 1-0, 13 CO J = 1-0, and dust leads to the following conclusions:
1. CH has two kinematic components. One component shifts from 5.3 to 6 km s −1 going from outside to inside, both of which match well with those of OH. The shifting of the two kinematic components indicates colliding streams or gas flow at the boundary region.
2. The derived CH abundance across the boundary is consistent with the previous observation for 0.8 ≤ A v ≤ 2.1 mag, but overabundant by as much as one order of magnitude below 1 mag extinction. The overabundance of CH is consistent with the prediction of the C-shock model rather than a UV-driven PDR model, which supports the existence of C-shock across the TBR. CH can be produced during CH + synthesis in low density material from C-shocks.
3. The scatter of CH X-factor (1.0 ± 0.06) × 10 22 is much smaller than those of CO and OH in the transition zone (0.8 ≤ A v ≤ 2.1 mag). CH is thus potentially a better tracer of molecular gas than CO or OH for translucent clouds, cloud boundaries, and the transition zone.
